Abstract -Dietary intake of omega-3 fatty acids has been positively correlated with cardiovascular and neuropsychiatric health in several studies. The high seafood intake by the Japanese and Greenland Inuit has resulted in low ratios of the omega-6 fatty acid arachidonic acid (AA, 20:4n-6) to eicosapentaenoic acid (EPA,, with the Japanese showing AA:EPA ratios of approximately 1.7 and the Greenland Eskimos showing ratios of approximately 0.14. It was the objective of this study to determine the effect of supplementation with high doses (60 g) of flax and fish oils on the blood phospholipid (PL) fatty acid status, and AA/EPA ratio of individuals with Attention Deficit Hyperactivity Disorder (ADHD), commonly associated with decreased blood omega-3 fatty acid levels. Thirty adults with ADHD were randomized to 12 weeks of supplementation with olive oil (< 1% omega-3 fatty acids), flax oil (source of alpha-linolenic acid; 18:3n-3; α-LNA) or fish oil (source of EPA and docosahexaenoic acid; 22:6n-3; DHA). Serum PL fatty acid levels were determined at baseline and at 12 weeks. Flax oil supplementation resulted in an increase in α-LNA and a slight decrease in the ratio of AA/EPA, while fish oil supplementation resulted in increases in EPA, DHA and total omega-3 fatty acids and a decrease in the AA/EPA ratio to values seen in the Japanese population. These data suggest that in order to increase levels of EPA and DHA in adults with ADHD, and decrease the AA/EPA ratio to levels seen in high fish consuming populations, high dose fish oil may be preferable to high dose flax oil. Future study is warranted to determine whether correction of low levels of long-chain omega-3 fatty acids is of therapeutic benefit in this population. omega-3 fatty acids / fish oil / flax oil / attention deficit hyperactivity disorder / adults Abbreviations: ADHD: Attention Deficit (Hyperactivity) Disorder; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LNA: linolenic acid; PL: phospholipids.
INTRODUCTION
The long-chain omega-3 polyunsaturated fatty acids (LCPUFA's) eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3) are found in high concentrations in fish oil [1] . Dietary intake of these fatty acids has been 550 G.S. Young et al. positively correlated with health in several studies. For example, the low incidence of coronary heart disease (CHD) in Greenland Eskimos has been linked to their diet of marine food [2] [3] [4] , and a similar association linking high rates of fish intake with low rates of death from CHD has also been observed in the Japanese [5, 6] . The Greenland Eskimos consume up to several thousand milligrams of EPA plus DHA each day [7] while the Japanese consume up to 1500 mg·day -1 [8] . The high seafood intake in these groups has resulted in low ratios of the omega-6 fatty acid arachidonic acid (AA, 20:4n-6) to EPA, with the Japanese showing AA:EPA ratios of approximately 1.7 and the Greenland Eskimos showing ratios of approximately 0.14 [9] .
Dietary consumption of fish has also been linked to a variety of neuropsychiatric disorders. Epidemiological studies have suggested that high fish consumption is inversely associated with cognitive impairment, cognitive decline, and/or the development of dementia or Alzheimer's disease (AD) [10] [11] [12] [13] [14] . Similarly, societies consuming large amounts of fish and omega-3 fatty acids appear to have lower rates of major depression [15] and bipolar disease [16] , and the likelihood of having depressive symptoms increases among infrequent fish consumers versus frequent fish consumers [17] . As evidence, the Japanese have been found to have very low rates of depression in a number of studies [18, 19] . Furthermore, there is increasing evidence that depression predisposes an individual to CHD [20] , a condition which, as already established, shows an inverse relationship with consumption of dietary omega-3 fatty acids.
While a similar relationship between fish consumption and the neuropsychiatric disease attention deficit/hyperactivity disorder (ADHD) has not previously been observed, the levels of both EPA [21] and DHA [22, 23] , have been found to be abnormal in children with ADHD. Similarly, adults with ADHD also show low levels of the long-chain polyunsaturated omega-3 fatty acid DHA [24] . There are conflicting reports in the literature about the cognitive benefits of omega-3 supplementation in patients with ADHD [25] [26] [27] . Normalizing levels of these fatty acids and reducing the AA/EPA ratio to levels observed in populations such as the Greenland Eskimos and the Japanese should be beneficial due to the association of these fatty acids with various measures of health, including CHD, which is the main cause of death in Western industrialized countries, and depression, with which ADHD is frequently comorbid [28] . However, there are no peer-reviewed publications showing how omega-3 supplementation affects levels of blood fatty acids in this population. Furthermore, there are no studies comparing the ability of fish oil and flax oil to modify blood serum fatty acids in adults with diagnosed ADHD. The present study investigated the effect of consuming high doses of fish oil and flax oil on serum phospholipid fatty acid concentrations in adults with diagnosed ADHD. The objective was to raise levels of the longchain omega-3 polyunsaturated fatty acids, thereby reducing the AA/EPA ratio to levels comparable to that observed in populations consuming large quantities of marine food.
MATERIALS AND METHODS
Thirty subjects aged 18 to 65 reporting previous diagnoses with ADHD were recruited by advertisements and flyers in the local community. Inclusion criteria for ADHD subjects included a previous diagnosis of ADHD by a physician and the ability to give informed consent. Individuals were excluded if they had been diagnosed with a lipid metabolism or psychiatric disorder other than ADHD or if they used dietary supplements (other than vitamins/minerals) within the past month, omega-3 fatty acid supplements within the past 6 months, or consumed fish greater than once per week. Subjects were also excluded if they Effect of fish and flax oil in adults with ADHD 551 had used a pharmaceutical agent to treat their condition within the past 2 weeks. This study was approved by the Research Ethics Board of the University of Guelph. After complete description of the study to the subjects, written informed consent was obtained.
Subjects were randomly assigned, using randomization tables, to receive supplementation for 12 weeks with 60 g per day of either liquid olive oil (< 0.6 g omega-3 fatty acids), flax oil (36 g omega-3 fatty acids as α-LNA) or fish oil (39 g omega-3 fatty acids as α-LNA, EPA and DHA), in an open dosing manner. The fish oil was highly concentrated (38% EPA and 20% DHA) and molecular distilled to result in trace levels only of heavy metals and pesticides. The three types of oil were in identical brown bottles. The level of dietary supplementation in this study would add an extra 540 calories per day, assuming no other dietary changes. Subjects were given suggestions as to how to incorporate the oil into their food, and were given the choice of whether to consume the oil by itself or with food. They were also given the choice of whether to distribute dosing throughout the day or take it all at one time. Two subjects in the fish oil group dropped out of the study prior to initiating supplementation for no specific reason. One subject in each of the flax oil and fish oil groups did not complete the study due to an inability to comply with the supplementation regimen. The results are for 10 subjects in the olive oil group, 9 subjects in the flax oil group and 7 subjects in the fish oil group. Care was taken that analyses of blood fatty acids were obtained by an unbiased third party (Lipid Analytical Laboratory, Guelph, Ontario, Canada).
Non-fasting venous blood was obtained by finger prick method. Whole blood was centrifuged at room temperature for 10 min at 1250 × g and serum obtained. Serum was stored at -20 °C until further analysis. Both human serum and the oils were extracted using equal volumes of chloroform/methanol (2:1) in the presence of 17:0 internal standard. Thin layer chromatography (TLC) was used to separate the lipid fraction, and samples run on a gas chromatograph (GC), at Lipid Analytical Laboratory as previously indicated [29] . The sum of fatty acids from 14:0 to 24:1 was taken as 100 and levels of individual fatty acids were expressed as a percentage of this sum.
Ages of the participants in each group were compared by ANOVA using SAS (SAS Institute, Cary, NC). Changes of individual fatty acids over time with supplementation were compared by ANOVA, followed by Tukey, also using SAS. The significance level was set at P = 0.05. Values in tables are given for ANOVA. Letter superscripts denote differences by follow up Tukey's t-test if the ANOVA result was P < 0.05. Human serum fatty acid data is presented as % of total fatty acids. Oil fatty acid data is presented as g·100g -1 .
RESULTS
Twenty-six subjects completed the study. As indicated in Table I , the average age of all participants was 31.0 ± 2.8 (mean ± SE). Baseline values for EPA, DHA, n-6/n-3 and AA/EPA of all participants are also given in Table I . There were no significant differences between groups for baseline characteristics (data not shown). Sex (M/F) 12/14 a Data represents mean ± SEM for each characteristic. There were no significant differences between the three groups for baseline characteristics.
In the olive oil group, there were 5 males and 5 females; 4 males and 5 females in the flax oil group, and 3 males and 4 females in the fish oil group. Table II shows the omega-3 fatty acid composition in g·100 g -1 of olive, flax and fish oils. Olive oil contained extremely low levels of α-LNA, and no EPA, DHA or other omega-3 fatty acids. The 60 g daily dose of flax oil contained approximately 34 g of α-LNA, but no measurable EPA or DHA. The daily dose of fish oil contained approximately 23 g of EPA and 12 g of DHA. Table III shows the serum phospholipid fatty acid concentrations of subjects before and after supplementation with flax or fish oils, as a percentage of total fatty acids. There were no changes in serum phospholipid fatty acid status with olive oil supplementation. Flax oil supplementation resulted in a significant increase in α-LNA (206%) and a decrease in the AA/EPA ratio (-43%). Fish oil supplementation resulted in increases in EPA (944%), DHA (213%), total omega-3 fatty acids (289%), and the omega-3/ omega-6 ratio (392%). Decreases were noted in LA (-24%), 20:3n-6 (-39%), 22:5n-6 (-67%), total omega-6 fatty acids (-23%), and the AA/EPA ratio (-91%). Non-significant decreases were noted in AA in both the flax oil (-10%) and fish oil (-16%) groups. A non-significant increase was noted in EPA (66%), 22:5n-3 (63%) and total omega-3 fatty acids (29%) in the flax oil group.
There were no serious adverse events associated with consumption of any of the oils. Loose stool and fishy burps were noted by some individuals in both the flax and fish oil supplemented groups, and these side effects lessened throughout the supplementation period (data not shown).
DISCUSSION
This is the first study to examine the effect of high dose flax oil and fish oil on serum phospholipid fatty acid status in adults. For this study, adults with ADHD were the population of choice. Approximately 75% of adults with ADHD suffer from other psychiatric disorders such as bipolar mood disorders, schizophrenia, depression and dyslexia [28, [30] [31] [32] [33] [34] [35] [36] , and these and other neuropsychiatric conditions are associated with decreased fish consumption and/or decreased omega-3 fatty acid levels in blood serum or RBC [10-14, 16, 17, 37-41] . ADHD is also frequently comorbid with CHD [28] . In this study, the individuals with ADHD were not diagnosed with other psychiatric disorders, but this possibility cannot be ruled out. Furthermore, recent studies suggest that both children [21] [22] [23] and adults [24] with ADHD have altered fatty acid status, including decreased EPA and/or DHA. The cause of the observed abnormalities of fatty acids in sufferers of ADHD is unknown, although there are several possible explanations. Serum phospholipid fatty acids reflect the dietary intakes of the past few days, and levels of serum phospholipid EPA and DHA have been shown to be correlated with fish consumption [42, 43] , which suggests that the low levels of longchain omega-3 fatty acids observed in studies of both children and adults with ADHD may be related to inadequate dietary intake. Also, the essential fatty acids must undergo complex biotransformation in order to be converted into their long-chain derivatives, and individuals vary in the efficiency of their conversion mechanisms [44] . Furthermore, children with ADHD show evidence of increased omega-3 fatty acid oxidation [45] . Therefore, there is evidence linking various environmental and metabolic factors with fatty acid levels in sufferers of ADHD.
Dietary intake of omage-3 fatty acids has been positively correlated with health in terms of decreased risk of CHD [2] [3] [4] [5] [6] and various neuropsychiatric disorders [10-14, 16, 17, 37-41] . The high seafood intake by the Japanese and Greenland Inuit has resulted in low ratios of n-6 AA to n-3 EPA, with the Japanese showing AA/EPA ratios of approximately 1.7 and the Greenland Inuit showing ratios of less than 1 [9] . The baseline AA/EPA ratio in our study was 15.4; approximately 9 fold higher than that of the Japanese. AA/EPA ratios of 11.6 (healthy omnivores), 16.7 (healthy vegetarians), 11 (healthy individuals of Asian Indian descent), and 12.4 (healthy women) have been noted by our group in the past [46] [47] [48] .
In this study, adults with ADHD were supplemented with high doses of olive, flax or fish oil. The goal of this study was to reduce the AA/EPA ratio to that found in populations which consume large quantities of marine food, such as the Japanese or Greenland Inuit. High dose fish oil was chosen given the high initial AA/EPA ratio (average 15.4) and the high risk for omega-3 oxidation [45] . As expected, there were no changes in serum fatty acid composition with olive oil supplementation, given the common consumption of many of the fatty acids in this oil in the North American diet. Flax oil supplementation resulted in minor changes in omega-3 fatty acid levels, mainly the short-chain fatty acid α-LNA. These results are consistent with earlier publications suggesting increases in plasma α-LNA with both flax seed [49, 50] and flax oil [51, 52] supplementation of humans. Non-significant increases in the long-chain omega-3 fatty acids EPA and DPA with flax oil supplementation were also observed in this study. Previous work with flaxseed or flax oil supplementation resulted in increased plasma EPA and/or docosapentaenoic acid (DPA; 22:5n-3) [49] [50] [51] [52] . A 10%-100% increase in EPA and 5%-25% increase in DPA with flax oil supplementation was noted in these studies [49] [50] [51] [52] , compared with the increase of 66% and 63% observed in our study, respectively. Flax oil supplementation caused a decrease in the AA/ EPA ratio to 6.4, 3.7 fold higher than the AA/EPA ratio observed in the Japanese population.
Fish oil supplementation resulted in changes in several measurements. First, there were significant increases in the longchain omega-3 fatty acids EPA and DHA. These results are in agreement with other studies in humans, in which healthy adults were supplemented with fish oil [29, 53] . In these studies, increases in EPA were between 500-600% as compared with the increase of 944% as observed herein. Increases in DHA were between 150-200% as compared with the increase of approximately 213%, as observed herein. Second, there was in increase in total omega-3 fatty acids, which is of interest since it has been shown that children with the lowest levels of total omega-3 fatty acids display a greater number of behavior, learning and health problems [23] . Third, there was an increase in the omega-3/omega-6 ratio, and decreases in certain omega-6 fatty acids (18:2n-6, 20:3n-6, 22:5n-6). Higher levels of omega-6 fatty acids show a direct association with cognitive decline due with aging, while the ratio of omega-3 to omega-6 fatty acids shows an inverse association [54] , which suggests that the decrease in omega-6 fatty acids and the increase in the omega-3/omega-6 ratio observed with fish oil supplementation in this study may have a positive influence on cognitive function. Perhaps most importantly, there was a substantial decrease in the AA/EPA ratio, which has been directly correlated with the severity of depressive symptoms in patients with moderate to severe depression [55] , a condition which shows a high degree of comorbidity with ADHD [28] . While flax oil also caused a decrease in this ratio, the effect of fish oil on this measure was much greater and resulted in an AA/EPA ratio equivalent to that observed in the Japanese population.
The difference in fatty acid changes with flax oil and fish oil supplementation in adults with ADHD are of interest given the presence of high DHA in the brain of humans, and the role of EPA in inflammation. While it is unclear whether peripheral LCPUFA composition reflects the phospholipid composition of neuronal membranes, preliminary data in schizophrenic patients does suggest a correlation [56] . Therefore, it is possible that the low levels of DHA observed in children and adults with ADHD may reflect low levels of DHA in neuronal membranes, and that correction of these levels might increase DHA in the brain. Since the efficiency of conversion of α-LNA to DHA in healthy adults via elongation and desaturation has been estimated to be very low [44, 57] , a dietary source of this fatty acid may be required. As evidenced by this study, even supplementation with very high levels of flax oil does not result in an increase in serum phospholipid DHA over a 12 weeksupplementation period, while supplementation with high levels of fish oil does.
At this time, there is no clear evidence to suggest that supplementation with omega-3 fatty acids is an effective treatment for ADHD, although it is known that such supplementation can modify blood phospholipid fatty acid levels in children [27] ). In 2001, Voigt et al. treated children with the condition with the long-chain omega-3 fatty acid DHA (from an algal source) for a period of 4 months, and observed an increase in plasma DHA of 260%. As of yet, there have been no trials investigating the effect of omega-3 fatty acid supplementation in adults with ADHD, and the current study is the first to report modification of fatty acid levels in this population through supplementation with sources of omega-3 fatty acids.
In conclusion, supplementation with a high dose fish oil-derived EPA and DHA concentrate resulted in an increase in the long-chain omega-3 fatty acids EPA and DHA, total omega-3 fatty acids and the omega-3/omega-6 ratio, and a decrease in several omega-6 fatty acids, and the AA/ EPA ratio to approximately the ratio observed in the Japanese, but not the Greenland Inuit. Flax oil supplementation resulted only in an increase in the short-chain omega-3 fatty acid α-LNA and a smaller decrease in the AA/EPA ratio. Furthermore, the increase in EPA and other omega-3 fatty acids observed with flax oil supplementation was not significant as compared with the changes observed with fish oil supplementation. While it is unknown whether such changes are correlated with an improvement in the signs and symptoms of ADHD, it is known that individuals with both the juvenile and adult form of the condition suffer from low levels of long-chain omega-3 fatty acids. Therefore, these data suggest that in order to optimize levels of these fatty acids in the serum phospholipids, as well as the AA/ EPA ratio, of adults with ADHD, high dose fish oil may be preferable to high dose flax oil. Future study is warranted to determine whether lower levels of EPA and DHA also accomplish this reduction in the AA/EPA ratio.
